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1. Statement of Problem

Combusting monopropellant sprays are an important fundamental combusting flow,
since they are the premixed counterpart of more widely studied spray diffusion flames.
Additionally, combusting monopropellant sprays have applications to regenerative liquid-
propellant guns, throttable thrustors, and underwater propulsion systems. Motivated by
these observations, the present investigation considered monopropellant combustion
properties both as individual drops and pressure-atomized sprays. The investigation was
limited to hydroxyl-ammonium-nitrate (HAN)-based monopropellants (LGP1845 and
1846) that are of interest for several high-pressure monopropellant combustion systems.

The general nature of a combusting pressure-atomized monopropellant spray is
illustrated in Fig. 1. This involves injection of liquid from a passage into a combustion
chamber where gas velocities are modest near the injector exit. Heat losses from practical
monopropellant combustion systems are small; therefore, gas temperatures are near the
adiabatic combustion temperature of the propellant. The atomization breakup regime is
illustrated, where drops begin to form from the surface of the liquid right at the injector
exit, since this condition is most important in practice. Atomization breakup yields a liquid
core, much like the potential core of a single-phase jet, surrounded by a multiphase mixing
layer containing drops and other irregular liquid elements (Ruff et al., 1989, 1990).
Beyond the end of the liquid core, the flow becomes a dilute spray which has a finite length
due to the combustion of the drops. Since monopropellant burning rates are relatively high
(with liquid regression rates never much lower than 10mm/s for HAN-based

monopropellants) flame thicknesses over liquid surfaces are small (ca. 1pm) so that the
actual combustion process occurs in thin heterogeneous reaction zones which cover all
liquid surfaces — separating liquid reactants and combustion product gases (Lee et al.
1988, 1989; Lee and Faeth, 1990). Major issues with respect to combusting
monopropellant sprays involves the extent of the liquid-containing region and the rate of
energy release, so that adequate combustion volumes can be provided; the presence and
nature of combustion instabilities; and requirements for ignition and extinction of the
spray. None of these issues can be addressed, however, without some understanding of
drop combustion properties and spray structure; therefore, these simpler problems were
the main focus of the present investigation.

Several questions concerning monopropellant drops and spray combustion must be
resolved for an adequate understanding of the process. First of all, monopropellant
combustors operate over a wide range of relatively high pressures, which implies that
liquid surfaces can approach or exceed their thermodynamic critical point (Faeth, 1972,
1987; Kounalakis and Faeth, 1988). Combustor pressures when the critical point is
reached must be identified, since below this pressure a multiphase flow like Fig. 1 is
present, while above it the flow becomes a single-phase dense fluid flow with very
different properties. Secondly, the combustion properties of individual drops must be
known, for the pressure range where drops are present, since drop combustion mainly
controls combustion rates of the spray. Next, information concerning the structure of
combusting sprays is needed; particularly the extent of the liquid-containing region, drop
sizes that are present, and the importance of separated-flow phenomena like the relative
velocities between the drops and the gas and the combustion rates of drops within a
combusting spray. Finally, the wide range of operating conditions for combusting
monopropellant sprays precludes exhaustive testing to find spray structure for all
conditions — effective models of the process are needed.

_ The present investigation sought to make a contribution to each of these issues,
with the following specific objectives:
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/15 Liquid surface properties and pressures required for the liquid surface to exceed the
thermodynamic critical point (the critical combustion pressure) were investigated

theoretically.

2. The combustion of individual drops in combustion gas environments was observed
at pressures of 0.2-7 MPa, yielding drop burning rates over this range of
conditions.

& The combustion of pressure-atomized sprays in combustion gas environments was

observed at pressures of 3-9 MPa, yielding measurements of liquid volume
fractions, drop size distributions, and liquid mass flow rate and mass flux
distributions. Additionally, models of the process were developed, both ignoring
and considering effects of separated flow, and evaluated using the new
measurements.

Supercritical combustion, drop combustion and spray combustion are discussed in turn in
the next chapter, followed by some concluding remarks. Subsequent chapters summarize
publications and personnel of the investigation. The present discussion is brief; more
information can be found in Kounalakis and Faeth (1988), Lee et al. (1988, 1989) and Lee
and Faeth (1990), which appears as Appendices A.1-A.4. Finally, Lee (1990) reports
additional details of both measurements and predictions as well as a complete tabulation of
data.

2. mm f Most-Important Resul
231 ritical Com ion

The objective of this portion of the investigation was to find gas and liquid phase
properties at the liquid surface for combusting HAN-based monopropellants at various
pressures. The pressures required for the surface to reach its thermodynamic critical
pressure, the critical combustion pressure, was also of interest since this defines the
pressure regime where conventional spray processes must be considered. The details of
this work are described by Kounalakis and Faeth (1988), which appears in Appendix A.1.

Hetereogeneous monopropellant flames at high pressures are very thin, ca. 1pm,
and will probably never be resolved by measurements. Therefore, liquid surface properties
were found theoretically, using methods developed earlier in this laboratory (Faeth, 1972,
1687). This involved considering transport in the gas phase, at the asymptotic limit of
infinitely high activation energies of all reactions so that reaction occurs within a thin flame
sheet located at a distance from the liquid surface. Transport in the gas phase allowed for
real gas effects (but only considering concentration diffusion with equal binary diffusivities
of all species) and nonunity Lewis numbers. Phase equilibrium was assumed at the liquid
surface with real-gas effects primarily treated using the Soave equation of state.

Combustion product properties were needed for the computations. They were
found assuming thermodynamic equilibrium at the downstream end of the flame, and
adiabatic combustion, using the Gordon and McBride (1971) algorithm. The resulting
properties of the reactants and the combustion products are summarized in Table 1 for
LGP1845 and 1846 at various pressures. Adiabatic flame temperatures are relatively low,
ca. 2000-2200 K; therefore, effects of dissociation are small and the composition and
temperature of the combustion products varies very little over the range 1-100 MPa. The
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combustion products involve unusually large concentrations of water vapor, with the
remainder being split about equally between carbon dioxide and nitrogen.

Uncertainties in predictions of liquid surface properties are large due to the
uncertainties of the thermochemical and transport properties of the HAN-based
monopropellants. Best-estimate predictions of liquid surface properties for LGP1845 are
plotted as a function of pressure in Fig. 2 (results for LGP1846 were similar within
property uncertainties). Gas-phase compositions are relatively independent of pressure but
liquid-phase concentrations vary substantially, due to increased liquid-phase solubilities for
combustion products as the thermodynamic critical point is approached. An interesting
feature of these results is that the concentration of TEAN at the liquid surface is unusually
high at low pressures, due to its low volatility, even though its initial concentration in the
propellant is only 20% (see Table 1). This causes liquid surface temperatures to be rather
high at low pressures, ca. 1000 K, before decreasing to ca. 800 K as the critical point is
approached. Such high temperatures are rarely encountered at the liquid surface for liquid
monopropellants and bipropellants; they occur for HAN-based monopropellants since
these materials have thermochemical properties like molten salts,

Approach to the thermodynamic critical point is indicated by gas and liquid
concentrations approaching one another at high pressures in Fig.2. Predictions ultimately
yield a critical combustion pressure of 2500 atm. (250 MPa), with an uncertainty of 50
percent due to property uncertainties. Similar to liquid surface temperatures, the critical
combustion pressures of the HAN-based propellants are unusually high in comparison to
other monopropellants and bipropellants, which have critical combustion pressures of 100-
200 atm. (Faeth, 1971, 1987). Thus, HAN-based monopropellants involve effects of
drops and sprays over much of their range of application, except for perhaps the highest-
pressure portions of liquid gun cycles. Again, this unusual behavior follows from the
molten salt character of the monopropellant.

Examination of the sensitivity of critical pressure predictions to property
uncertainties indicated that uncertainties were dominated by the binary interaction parameter
of TEAN and water in the Soave equation of state. The effect of this parameter of critical
combustion pressure predictions, as well as the effect of using the Redlich-Kwong
equation of state, is illustrated in Fig. 3. Use of the Redlich-Kwong equation of state is felt
to be less reliable than the Soave equation of state and this approach will not be considered
any further (Kounalakis and Faeth, 1988). However, estimates of critical combustion
pressures are clearly quite sensitive to binary interaction parameter TEAN and water vapor.

In summary, the present study of liquid surface properties during the combustion of
HAN-based monopropellants has shown the following: results for LGP1845 and 1846 are
similar; critical combustion pressures are unusually high, 250 MPa with an uncertainty of
50 percent; liquid surface temperatures are unusually high, 800-1000 K; liquid surface
properties tend to be dominated by TEAN at low pressures, due to its low volatility; and
the uncertainties of the predictions are dominated by the TEAN-water vapor binary
interaction parameter. The major conclusion with respect to spray combustion is that
combustion occurs by conventional monopropellant spray processes, involving liquid
surfaces and drops, at all but the very highest pressures of liquid gun cycles.

22 Drop Combustion

With the importance of drop and spray combustion established for the HAN-based
monopropellants, the next phase of the investigation considered the combustion properties
of individual drops. Drop combustion has been considered earlier by Beyer (1986, 1988),
Beyer and Teague (1986) and Zhu and Law (1987), who observed significant subsurface
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reaction leading to bubble formation and growth, and shattering of drops by bursting
bubbles. However, these results were either found in low temperature gas environments,
Beyer and coworkers, or at atmospheric pressure, Zhu and Law, so that the relevance of
the findings to practical combusting monopropellant sprays was uncertain. Additionally,
McBratney (1980, 1981) and Vosen (1988) reported measurements of strand buming rates
of HAN-based monopropellants, which can be related to drop burning rates. However,
McBratney (1980, 1981) used jelled propellants so that the jelling agent could have
influenced his measurements; while Vosen (1988) encountered liquid surface instabilities
with unjelled propellants which precludes using these data to estimate drop burning rates.
Thus, the present investigation considered unjelled drops in high temperature and pressure
environments. The details of this work are described by Lee et al. (1989), which can be
found in Appendix A.3.

Drop combustion was observed with drops supported in the post-flame region of a
premixed flame stabilized within a pressure vessel at pressures of 0.2-7 MPa. The
combustion temperature of the premixed flame was generally in the range 2200-2300 K,
which is slightly higher than the adiabatic constant pressure flame temperature of the
propellants (see Table 1). The drops were supported on quartz fibers (with initial drop

diameters in the range 300-1200 pum) within a retractable shield to protect them from
disturbances when the premixed flame was ignited. Once the premixed flame had
stabilized, the shield was retracted which submerged the drops in the combustion gas. The
drops were backlighted and photographed with a high-speed motion picture camera.

Some typical photos of drop diameter as a function of time are illustrated in Fig. 4.
The origin of these photos is arbitrary due to uncertainties concerning the time that the
drops were actually submerged in the flame, due to disturbances of the flame by the
retractable shield. Results at 0.51 MPa are representative of low pressure behavior where
subsurface bubble formation and bursting, and mechanical removal of liquid by
microexplosions, caused erratic diameter variations. This behavior is consistent with
observations of Beyer (1986, 1988) and Beyer and Teague (1986) for lower ambient
temperatures and Zhu and Law (1987) for lower ambient temperatures and pressures. This
behavior follows from the large liquid surface temperatures discussed in connection with
Fig. 2, and the fact that thermal diffusivities are higher than mass diffusivities in liquids.
This allows subsurface liquid having high concentrations of HAN to become heated,
leading to bubble formation by either vaporization or reaction. Results at higher pressures,
e.g. 2.1 MPa in Fig. 4, exhibit more conventional monopropellant behavior with little
bubble formation in the liquid and gasification occurring primarily at the drop surface in
conjunction with a hetereogeneous flame. This occurs since surface regression rates are
high at high pressures, so that the thermal wave cannot propagate very far into the liquid,
and liquid residence times at high temperatures become smail.

The variation of drop diameter, excluding cases where drops burst completely or
fell off the quartz probe between consecutive pictures, was averaged over several tests to
give effective drop burning rates. These results are illustrated in Fig. 5, along with the
strand burning rate measurements of McBratney (1980, 1981) and Vosen (1988). The
combination of drop bursting at low pressures, and conventional hetereogeneous
combustion at high pressures, causes present drop burning rates to be relatively
independent of pressure. They were relatively independent of diameter as well, which is
consistent with a classical linear monopropellant drop bumning rate law, e.g. -dr /dt =K_=
const. The present results are a crude extension of McBratney's (1980, 19§1)
measurements with jelled propellants suggesting that use of a jelling agent did not have a

strong effect. Vosen's (1988) results are much higher, due to the effects of liquid surface
disturbances, noted earlier.
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In summary, present measurements indicate drop burning rates of ca. 10 mmy/s for

drop diameters of 300-1200 pm and pressures of 0.2-7 MPa. Present results are consistent
with earlier strand burning rate measurements of McBratney (1980, 1981) at pressures
greater than 10 MPa. Taken together, these findings suggest a relatively weak effect of

pressure on the burning rate, ca. p1’3, except at the lowest pressures where subsurface
gasification causes bubble formation and microexplosions that mechanically remove liquid
from the drop at a relatively high rate. However, these low pressure effects are not very
important in practice, since it 1s difficult to reliably ignite HAN-based monopropellant
sprays at pressures below 3 MPa (Lee et al. 1989).

2.3 Spray Combustion

The final phase of the investigation involved consideration of combusting HAN-
based pressure-atomized sprays. Birk and Reeves (1987) reported earlier flow
visualization results for flows of type. During the present investigation, this information
was processed to yield liquid volume fraction distributions. In addition, a spray
combustion apparatus was developed and used for measurements of liquid volume
fractions, drop size distributions and liquid flow rate and liquid flux distributions. Finally,
several models of combusting monopropellant sprays were developed and evaluated using
the new measurements, as follows: a locally-homogeneous flow (LHF) model, where
interphase transport rates were assumed to be infinitely fast; a deterministic separated flow
(DSF) model, where finite interphase transport rates were considered but drop/turbulence
interactions were ignored; and a stochastic separated flow (SSF) model where both finite
interphase transport rates and drop/turbulence interactions were considered. The details of
this work are described by Lee et al. (1988, 1989) and Lee and Faeth (1990), which appear
in Appendices A.2-A.4.

The experiments involved observations of combusting sprays in a combustion gas
environment at pressures of 3-9 MPa. The test arrangement was similar to Birk and
Reeves (1987) but the combustion chamber had a larger internal volume. The combustion
gas was produced by filling the chamber with a combustible mixture and then igniting it
with a spark to reach the desired final pressure and temperature. The propellant was
pressure fed through various injectors into the hot combustion products, where it ignited
and burned reliably at pressures greater than 2.7 MPa. Combustion gas temperatures were
somewhat greater than the adiabatic flame temperature for constant pressure combustion of
the monopropellant (see Table 1). Measurements involved flash shadowgraph motion
pictures which were reduced to find liquid volume fractions; and slide impaction
measurements of drop size distributions, liquid flow rates and liquid fluxes.

Under the LHF approximation, relative velocities between the phases are assumed
to be small and the flow is treated like an equivalent single-phase fluid so that properties
that are difficult to estimate, like initial drop size distributions, play no role in the
predictions. This type of mixing-limited behavior is expected to work best when ambient
pressures and liquid injection velocities are high, which yields relatively small drops after
breakup (Ruff and Faeth, 1990). Similarly, a mixing-limited treatment of premixed
combustion was used, assuming a thin flame sheet under the laminar flamelet concept of
Bray (1980). Turbulent mixing was treated using a Favre-averaged turbulence model that
had been calibrated using measurements from a variety of constant and variable density
turbulent single and multiphase jets (Bilger, 1976; Faeth, 1987; Jeng and Faeth, 1984; Ruff
et al., 1989, 1990).

pL1




Initial evaluation of LHF predictions, using measurements of liquid volume
fractions obtained from the experiments of Birk and Reeves (1987), was quite promising
(Lee et al., 1988). The results are illustrated in Fig. 6. Measured liquid volume fractions
have a line of sight bias, however, this effect becomes small near the downstream end of
the visible liquid-containing region so the method provides some indication of the
penetration of liquid into the flow. Since the degree of flow development at the injector exit
was not well known, predictions were carried out for a variety of injector passage lengths

ranging from slug flow, L/d = 0, to fully-developed turbulent pipe flow, L/d = .
Predictions and measurements are in fair agreement for L/d in the range 2-10, which was
reasonable for the test conditions. Predictions and measurements were also relatively
independent pressure. Finally, the predictions are clearly significantly influenced by flow
development lengths (L/d) — this behavior was confirmed by independent measurements
for nonevaporating sprays at atmospheric pressure (Ruff et al., 1989, 1990).

Subsequently, the LHF predictions were evaluated using the present measurements
(Lee et al., 1989). Results analagous to Fig. 6 are illustrated in Fig. 7. The measurements
include the results obtained from Birk and Reeves (1987), dark symbols, as well as the
present measurement, open symbols, which largely involved nearly fully-developed
turbulent flow at the injector exit. Predictions are for fully-developed flow, either ignoring
line-of-sight bias effects, dashed line, considering them using a stochastic approach
developed by Faeth et al. (1988), solid line. As noted earlier, however, estimates of the
downstream end of the liquid-containing region are not strongly effected by line-of-sight
bias. Clearly, present measurements yielded a much longer liquid-containing region than
Birk and Reeves (1987). This was attributed to potential effects of unstable injector flow
or cavitation during the earlier measurements. Comparing LHF predictions with the new
measurements yielded more conventional behavior for the predictions based on this
approximation; namely, that the LHF method generally overestimates the rate of
development of sprays (Faeth, 1987). Single-drop trajectory calculations, using the LHF
predictions to define the velocity field, confirmed this behavior and also indicated the

presence of significant amounts of liquid beyond the visible end of the liquid-containing
region.

The separated flow models were developed motivated by these findings. They also
involved use of the thin-flame approximation which implies constant density gas and liquid
phases. The approach involved Eulerian calculations for gas-phase properties, with
turbulent mixing treated similar to the LHF approach but allowing for drop source terms in
the governing equations for conservation of mass and momentum. Lagrangian calculations
of drop trajectories were used for the liquid phase, specifying a constant drop burning rate
of 10mmy/s based on the single drop measurements (this burning rate is sufficiently high
that forced convection and curvature have negligible effects on the burning rate). Initial
drop size and velocity distributions were specified near the injector exit, based on velocity
and liquid flux estimates from the LHF predictions, and drop size distributions extrapolated

from the measurements. Notably, initial drop sizes (SMD of 240 im) were consistent with
estimates of aerodynamic breakup (Reitz and Bracco, 1982) or secondary breakup theories,
after allowing for effects of turbulent flow at the injector exit (Lee and Faeth, 1990). The
DSF approach involved computing drop trajectories based on mean gas velocities. The
SSF approach involved random walk calculations with the drops interacting with
instantaneous velocities found from random selections satisfying the local moments of
velocity fluctuations,

Predicted and measured SMD as a function of distance from the injector are

illustrated in Fig. 8 for injector diameters of 0.3 and 0.6 mm. In terms of x/d, the small
injector has a much larger liquid-containing region. This is indicative of strong separated

12
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Figure 8., Measured (present study) and predicted (DSF and SSF
methods) SMD variation with streamwise distance for
combusting LGP1845 sprays. From Lee and Faeth (1990)}.
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flow effects, e.g., drop sizes and velocities were similar for the two injectors and the drops
survive for similar distances, implying a larger x/d for the smaller injector. The DSF and
SSF predictions are not very different, in view of uncertainties in specifying initial
conditions; the DSF method is recommended due to its reduced computational
requirements. Finally, predictions are in reasonably good agreement with measurements,
implying that the present single drop burning rate measurements are consistent with
burning rates in the combusting sprays, since the predictions are very sensitive to this
parameter.

The evolution of predicted and measured drop size distributions for the 0.6 mm
diameter injector are illustrated in Fig. 9 (results for d = 0.3 mm are similar).
Measurements indicate a rather broad distribution of drop sizes at x/d = 320, with the drops
becoming progressively concentrated at small sizes as combustion proceeds. Predictions
were obtained by extrapolating results at x/d = 320 to the injector exit to specify initial
conditions; therefore, agreement at this point is not surprising. However, predictions still
treat the subsequent evolution of the drop size distribution reasonably well.

The reason for the importance of separated flow effects can be seen from the
predictions illustrated in Fig. 10. Favre-averaged drop velocities and time-averaged gas
velocities (which are the same as the Favre averages when the density is constant) are
plotted as a function of distance from the injector for d = 0.3 and 0.6mm. Velocity
differences between the phases are large, except near the injector exit where the LHF
approximation is reasonable (Ruff et al., 1989, 1990) and near the end of the liquid-
containing region where drops are small and responsive. Relative velocities are larger for
the small injector diameter since it has faster deceleration rates due to its smaller scale. In
view of these results, it is not surprising that use of the LHF approximation was not very
successful for present test conditions.

Increasing pressures do not improve the response of a particular drop size to gas
motion, however, higher ambient pressures reduce drop sizes upon breakup so that the
LHF approach becomes more effective (Ruff and Faeth, 1990). Reduced surface tension
as the thermodynamic critical point is approached also acts to reduce drop sizes and
improve LHF predictions. Thus, it is worthwhile to consider some LHF results relating to
high pressure combusting HAN-based monopropellants.

Some typical LHF predictions are illustrated in Figs. 11 and 12. This involves
Favre-averaged reaction progress variable (which is 0 in the reactants and 1 in the products)
and time-averaged liquid volume fractions along the spray axis for slug and fully-developed
turbulent flow at the injector exit. At the LHF limit, effects of Reynolds number are small;
thus, pressure is the only parameter on the plots. The results indicate that fuily-developed
flow yields the fastest mixing rates, but this effect is relatively small at the highest
pressures (100 MPa and above) where the LHF approximation is likely to be most correct.
For both flows, however, the effect of pressure is quite significant with the liquid
containing region becoming smaller at high pressures. This is an effect of increased
entrainment due to higher ambient gas densities at high pressures (Faeth, 1987). Since
LHF predictions clearly overestimate the length of the liquid-containing region at low
pressures (near 10 MPa) the reduction of the length of the liquid containing region with
increasing pressure would be even larger, due to combined effects of better atomization and
increased entrainment. However, quantitative estimates of spray properties at high
pressures using the present LHF model should be approached with caution, pending
evaluation of predictions with measurements.
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2.4 nclusion
Major conclusions of the present investigation can be summarized as follows:

Critical combustion pressures of the HAN-based monopropellants are unusually
high, 250 MPa with an uncertainty of 50 percent. This implies that subcritical
combustion and spray processed are relevant for combusting monopropellant
sprays, except for the highest-pressure portions of gun cycles.

Estimates of liquid surface properties and critical combustion pressures are
unusually sensitive to the binary interaction parameter of TEAN and water.
Measurements of this and other properties concerning phase equilibrium are needed
to reduce uncertainties of critical combustion pressures.

Measurements yielded effective drop buming rates of ca. 10mm/s for drop

diameters of 300-1200 pm and pressures of 0.2-7 MPa. The effective drop
burning rate involved subsurface gas evolution and mechanical removal of liquid by
microexplosions, which dominated the process at low pressures (below 2.1 MPa),
and conventional hetereogeneous combustion from the liquid surface, which
dominated the process at high pressures.

Present measurements of drop burning rates at pressures of 0.2-7 MPa were
consistent with McBratney's (1980, 1981) strand burning rate measurement for
jelled propellants at 10-100 MPa, and present drop combustion rates within
combusting sprays.

Estimated mean drop sizes near the injector exit were consistent with estimates of
aerodynamic or secondary drop breakup theory (Reitz and Bracco, 1982; Ruff and
Faeth, 1990), however, this approach is only provisional pending study of effects
of liquid turbulence and approach of the flow to the LHF limit.

The combusting monopropellant sprays exhibited strong separated flow effects for
present test conditions, with the length of the liquid-containing region being nearly
the same for injector diameters of 0.3 and 0.6mm when initial SMD and injector
velocities were nearly the same.

Both separated flow models were in reasonably good agreement with
measurements, however, the DSF approach is favored since it requires less
extensive computations.

The LHF approach overestimated the rate of development of the flow for present
test conditions but still could be of value at high pressure conditions approaching
and exceeding the critical combustion pressure. The present approach is
provisional, however, pending proper calibration of its treatment of turbulent
premixed combustion.
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Combustion of Han-Based Liquid Monopropellants Near the
Thermodynamic Critical Point

M. E. KOUNALAKIS and G. M. FAETH

Deperiment of Aerospace Engineering, The University of Michigan, Ann Arbor, MI 48109-2140

The high-pressure combustion properties of liquid monopropellants involving mixtures of hydroxyl ammonium
nitrate (HAN), tnethanol ammonium nitrate (TEAN), and water are considered theoretically. Liquid surface
properties and the critical combustion pressure (the pressure required for the propellant surfsce to exceed its
thermodynamic critical point) were found allowing for real-gas phenomena and the presence of dissolved combustion
product gases in the liquid. Critical combustion pressures for the HAN-based monopropellants were found to be
unusually high, ca. 2500 aun, with an estimated uncerainty of 50%. Predictions were unusually sensitive to the
critical temperature of TEAN and the binary interaction parameter between TEAN and water; both must be imown
more sccurately for definitive estimates of the liquid-surface properties of HAN-bated monopropellants at high

pressures.

NOMENCLATURE

oao

b S -
.

€ >0 R k< t:qg:a:x:y*u

molar concentration

droplet diameter

effective binary diffusivity
partial enthalpy of species i
binary interaction parameter
total molar flux

pressure

Prandtl number

gas constant

Reynolds number

Schmidt number
temperature

streamwise velocity

specific volume

distance

mole fraction of species |
thermal diffusivity
characteristic convection thickness
mole flux fraction of species /
mixture thermal conductivity
acentric factor
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Subscripts

¢ thermodynamic critical point
f flame condition

R reactant

0 far-upstream condition

INTRODUCTION

The combustion of liquid monopropellant sprays
involves pressure-atomized injection of the liquid
into a high-pressure and high-temperature envi-
ronment for typical applications, ¢.g., gas genera-
tors and regenerative liquid-propellant guns. After
injection, the surfaces of ligaments, drops, etc.,
become heated, the propellant vaporizes and,
finally, reacts to combustion products in the gas
phase. At sufficiently high pressures, however,
liquid surfaces approach the thermodynamic criti-
cal point, causing transition to the supercritical
combustion regime at the critical combustion
pressure. The process is equivalent to the single-
phase premixed combustion of a dense gas within~

0010-2180/38/303.50
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the supercritical combustion regime. and liquid
surfaces are no longer observed. Clearly, it is
important to know critical combustion pressures
and liquid surface properties to define the pressure
range where sprays are observed and to find spray
properties within this regime. Analysis was under-
taken to find these properties for hydroxyl ammo-
nium nitrate-based monopropellants during the
present investigation. HAN-based monopropel-
lants are of interest because they are being
considered for several high-pressure monopropel-
lant combustion systems [1].

Near-critical phenomena of high-pressure liquid
combustion has been studied earlier in this labora-
tory {2-7]. Various liquid monopropellants, such
as nitrate esters [2], ethylene oxide [3], and
hydrazine (4] were studied in strand combustion
configurations, by analyzing gas phase transport
using the thin flame approximation. High-pressure
phenomena, such as real-gas effects and the
presence of gaseous combustion products dis-
solved in the liquid phase, were treated using the
Redlich-Kwong equation of state [8]. Predictions
generally agreed with measured liquid surface
ternperatures, ‘within uncertainties anticipated due
to limitations concerning the high-pressure ther-
mophysical and transport properties of combusting
monopropellant systems [2-4]. Critical combus-
tion pressures were in the range 100-200 atm for
the nitrate ester monopropellants (normal propyl
nitrate, ethyl nitrate, and propylene glycol dini-
trate) {2] and ethylene oxide [3], which is typical
of other liquid combustion processes that have
been studied [5-7). These predictions were rela-
tively sensitive 10 values of transport properties
and had estimated uncertainties of 30%. Unfortu-
nately, experimental evaluation of predicted criti-
cal combustion pressures was not possible, due to
the appearance of unsiable combustion waves
associated with the loss of the stabilizing effect of
surface tension near the thermodynamic critical
point [2, 3] as the critical combustion pressure was
approached,

Similar studies of the liquid surface properties
of HAN-based monopropellants have not been
reported, although McBratney [9, 10] has mea-
sured the strand burning rates of some typicai
blends. A liquid surface was clearly observed at
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290 atm, while jelled samples maintained stable
combustion surfaces up to 600 atm. These findings
suggest significantly higher critical combustion
pressures for HAN-based monopropellants thap
for other monopropellants studied .05 far; how-
ever, the presence of a jell complicates the
interpretation of these resuits. The results also
indicate that measurements of the liquid surface
properties of HAN-based monopropeilants would
be very difficult. First, the burning rates of HAN-
based monopropellants are on the order of 20 mm
s=1[9, 10], which is an order of magaitude faster
than other propellants that have been studied [2,
3]. Such burning rates imply characteristic flame
thicknesses, o/ u for each phase, and characteristic
flame residence times, «/u? for each phase, on the
order of | um and | us based on typical transport
properties. Thus, adequate resolution and re-
sponse for surface temperature measurements, or
even for distinguishing 2 liquid surface in such a
thin flame zone, is unlikely, Finally, past attempts
to measure critical combustion pressures, or liguid
surface properties near the thermodynamic critical
point, have not been successful [2, 3].

In view of the experimental problems, theory
was used to find liquid surface properties and
critical combustion pressures during the presemt
investigation. Earlier theoretical methods [2-4]
were extended to treat the specific features of
some representative HAN-based monopropeilants,
Predictions require thermophysical and transport
properties that must be estimated for monopropel-
lants; therefore, the effects of these uncertainties
were evaluated using sensitivity analysis. The
study was limited to two HAN-based monopropel-
lants, LGP 1845 and LPG 1846, which are
mixtures of HAN, triethanol ammonium nitrate,
and water. These choices were made because
McBratney studied LGP 1845 [10], because recent
spray studies have used LGP 1846 [l], and
because similar formulations are candidates for
practical applications.

THEORY
Genersl Description

The theory is an extension of the approach used in
{3}. Phase equilibrium considerations were im-




LIQUID-MONOPROPELLANT COMBUSTION

proved by considering the more highly developed
modified Redlich-Kwong equation of state due to
Soave [I1, 12}, as well as the basic Redlich-
Kwong equation of state [7] used by this labora-
tory in earlier work [2, 3]. The earlier methods
were developed for the analysis of monopropellant
strand combustion [2, 3]; the relevance of this
approach for estimating liquid surface properties
and critical combustion pressures in sprays was
also considered,

As in past work [2—4], the combustion process
was assumed to be a steady, laminar one-dimen-
sional deflagration wave. Typical combusting
spray conditions involve pressures greater than 10
MPa and drops or other liquid elements having
diameters or radii of curvature greater than 10 um,
because smaller liquid elements approximate the
dynamics of the gas phase in any event [13).
Under these conditions, pressure drops across the
wave are less than 100 Pa even for the high
burning rates of the HAN-based propellants;
therefore the approximation of a constant-pressure
deflagration wave can be adopted with little error.
Based on the burning rate measurements of
McBratney [9, 10], combustion lifetimes of the
liquid elements of interest are greater than | ms,
which is much greater than the estimated charac-
teristic residence time (1 us) in the wave; there-
fore, the steady (quasisteady) wave approximation
is appropriate as well.

Forced convection and turbulence in sprays can
cause departures from one-dimensional waves
near liquid surfaces. Multidimensional effects due
to forced convection are small when the character-
istic convection thickness is greater than the
characteristic flame thickness [14]. The convec-
tion thickness for drops can be estimated with
sufficient accuracy for present purposes as follows
(13)

5=d/(2+0.556 ReI(Pr or Sc)T). 0

Maximum drop Reynolds numbers in sprays are
on the order of 102 [13); therefore, Eq. 1 implies
that characteristic convection thicknesses are
greater than the |-um charactenistic flame thick-
ness of present propellants for drop diameters
greater than 10 ugm. Existing information on the
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length microscales of turbulence in spray flames is
very limited; however, one estimate for the fully
developed portion of sprays having a typical
Reynolds number of 10* suggests that the micro-
scales are on the order of 1073 times the distance
from the injector [13]. This implies that micro-
scales are greater than the characteristic flame
thickness for distances greater than | mm from the
injector exit; therefore, turbulence should have
little effect on the one-dimensionality of flame
properties for most portions of monopropellant
spray flames, Based on these considerations, the
assumption of one-dimensional laminar flow ap-
pears to be relevant for spray combustion of the
present monopropellants.

Combustion was assumed to be adiabatic with
thermodynamic equilibrium reached at the down-
stream edge of the reaction zone, which are
reasonable assumptions for high-intensity spray
combustion at high pressures. The properties of
the combustion products were computed under
these assumptions using the Gordon and McBride
code [15]; results for LGP 1845 and LPG 1846 are
summarized in Table | for pressures of 1 MPa, 10
MPa, and 100 MPa. Both reactant mixtures are
stoichiometric and have virtually identical com-
bustion product compositions; the main difference
between the two is that the flame temperature of

LGP 1845 is roughly 100 K higher than that of

LGP 1846. The combustion products are nearly
70% water vapor. Due to the relatively low
combustion temperatures and high pressures, dis-
sociation effects are small, and combustion prod-
uct concentrations are nearly independent of pres-
sure.

The propellants have relatively low flame tem-
peratures; therefore, effects of radiation can be
neglected, For example, if we conservatively
assume that the emissivity of the combustion
products is unity and that reabsorption between the
flame and the liquid surface is negligible, the
burning rate measurements of McBratney [9, 10]
imply that radiation contributes less than 4% to the
enthalpy rise of gasification of the liquid.

Precise treatment of combustion chemistry is
not possible, because the mechanisms and rate
constants are not known for the high-pressure
decomposition of HAN-based monopropellants;
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TABLE 1
Combustion Properties of HAN-Based Monopropellants*
Propellant LGP 1845 LGP 1846°
Pressure (MPa) | 10 100 1 10 100
Reactant density (kg m~’) 1452 1454 1476 1430 1432 454
Combustion product properties
Density (kg m~7) 1.30 12.9 129 1.36 13.5 135
Temperature (K) 2133 2152 2163 2027 2039 2045
Composition (% by volume)?
Water vapor 68.8 69.2 69.3 70.6 70.8 70.9
Carbon dioxide 12.7 12.9 13.0 12.2 12.3 2.3
Nitrogen 17.3 17.4 17.4 16.5 16.5 16.6

« Adiabatic, constant pressure combustion, with the liquid reactant at 298.15 K.
® Reactant composition (% by mass): HAN. 63.2; TEAN, 20; and H;O, 16.8.
¢ Reactant composition (% by mass): HAN, 60.8: TEAN, 19.2; and H;0, 20.0.
¢ Major species only. Minor species include: CO, H,, NO, OH, and O,.

therefore, the limiting approximation of an infi-
nitely thin gas phase reaction zone located at some
distance from the liquid surface was made, as in
past work [2—4]. This large activation energy limit
is favored for the present monopropetlants due to
their relatively low flame temperatures.

Consistent with the thin flame approximation,
liquid phase reactions were also ignored. This is
favored by the very short residence times in the
high-temperature portions of the liquid phase, ca.
100 ns. Typical unimolecular decomposition reac-
tions, which are at least representative of the first
stage of reaction in the liquid, have characteristic
reaction times two or more orders of magnitude
longer than the liquid residence time for preseat
conditions, providing some justification for this
assumption.

Phase equilibrium was assumed at the liquid
surface, as in past work [2-4]. This is a good
approximation for drop diffusion flames at pres-
sures greater than 0.1 MPa [12]; however, the
assumption was reexamined due to the high
burning rates of the HAN propellants. Following
Dunn and Reay [16], the burning rate measure-
ments of McBratney (9, 10] imply differences
between actual and saturated vapor pressures at
the liquid surface less than 0.3 MPa due to finite
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rates of evaporation. This is clearly small in
comparison to the combustion pressures of inter-
est, which were greater than 10 MPa. The
corresponding temperature jumps at the surface,
due to finite evaporation rates, were found using
the present phase equilibrium analysis. The result-
ing temperature jurnps were less than 0.3 X, which
is also small in comparison to the temperature rise
in the liquid phase. Thus, phase equilibrium at the
surface can be adopted with little error.

Gas phase transport was treated similar to
earlier analyses of liquid combustion processes at
high pressures [2-7]. Only concentration diffusion
was considered, taking the binary diffusivities of
all species to be equal, and neglecting the Dufour
energy flux. The assumption of an effective binary
diffusion coefficient is more questionable for
blends like the HAN-based propellants than for
blends studied in earlier work where only a single
species was diffusing and the approximation was
exact. However, the present approach seems
reasonable in view of the other approximations of
the analysis; the effect of the approximation was
examined by sensitivity calculations. The specific
treatment of thermophysical and transport proper-
ties will be discussed later. Effects of compress-
ibility and varying Lewis numbers were consid-
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ered, particularly because variations in the Lewis
number are known to influence predictions of
critical combustion pressures [2-7].

Monopropeilants typically have negligible dis-
solved gas concentrations prior to injection; there-
fore, carbon dioxide and nitrogen are not present
in the bulk liquid and have negligible mass fluxes
upstream of the flame. However, the propellant
components HAN, TEAN, and water, all have
finite mass fluxes upstream of the flame, the last
being both a propellant component and a combus-
tion product.

Transport Analysis

Because only liquid surface properties are of
interest (not burning rates), the equations to be
solved are identical in all one-dimensional coordi-
nate systerns: Cartesian for large liquid elements,
cylindrical for ligaments, and spherical for drops.
A Cartesian formulation, sketched in Fig. |, is
used to simplify the notation. The analysis is
confined to the region between the flame and
liquid surface, corresponding to the outer region
of asymptotic analysis of monopropellant flames at
the high activation energy limit. Effects of multi-
component diffusion and the presence of dissolved
gases cause reactant (HAN and TEAN) concentra-
tions to vary in the liquid phase. There is a
concentration jump at the liquid surface, dictated
by phase equilibrium requirements. The corres-
ponding temperature jump is smail, however, as
noted earlier. Properties at the flame surface are

/Liq.id Surface
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Liged Flow — :‘/
1
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T
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|
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x

9 f

Fig. 1. Sketch of the liquid monopropellant combustion
process.
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given by the adiabatic flame calculations discussed
earlier, see Table 1.

Gas phase transport was formulated in terms of
molal quantities to simplify matching with the
phase equilibrium analysis. Under present as-
sumptions, the equations governing conservation
of energy and species between the liquid surface
and the flame sheet are as follows [2-4]

N, dT
n* §Ei(h4-hio)=)\a; (93]
a” (Y, e)—chYi =], o, N 3
i—&)= ok [ ’ y IV 3

Initial conditions for Eqgs. 2 and 3 can be specified
in terms of known flame properties as follows

X=X T=Tfs Y,'=Y,'f, fiil, o S TN (4)

Denote the species present in the original mono-
propellant as i = 1, ***, R < N. Then,
eliminating spatial derivatives among Eq. 3, inte-
grating, and applying the concentration boundary
conditions of Eq. 4 yields

Yi=ei+(yif_5i)(yj_5j)

(Yi—¢)
where { # /, and j can be any speciesj = 1, * -
R.

Eliminating spatial derivatives between Eq. 2
and Eq. 3 for i = j yields

&)

dY, NeD)Ye = Y5
i 1 _( C. )(5; j) )
dT bl

>, &ilhi=hi)

t=|
where j is selected in the same manner as Eq. 5.
The initial condition for Eq. 6 is

T=T, Y,=Y,. M

As noted earlier, the effects of pressure on
flame properties were small; therefore, a single
flame condition was used for each propellant.
These properties, as well as the ¢; that are fixed by
the propellant composition, are summarized in
Table 2 for each propellant.




184

TABLE 2

Mole Flux Fractions and Flame Propcﬁiu for Calculations

Fuel LGP 1845 LGP 1846
Mole Flux Fractions (%)
HAN 39.1 4.5
TEAN 56 4.9
H,0 55.3 60.6
Flame Properties:
Temperature (K) 2146 2040
Compasition (% by volume):
H,0 69 7
co, 13 12
N 18 17

Given Eq. 5 and mixtre properties as a
function of temperature and pressure, Eq. 6 can be
integrated from the flame toward the liquid sur-
face, providing the transport locus of the variation
of specics mole fractions with temperature. Liquid
surface conditions are reached when the properties
along the transport locus reach a dew point of the
phase equilibrium analysis. Dew-point computa-
tions are considered next.

Phase Equilibrium Analysis

Two methods were used to compute phase equilib-
rium at the liquid surface: the Redlich-Kwong
equation of state with mixing rules developed by
Prausnitz and Chueh {8], which was used during
earlier studies of high-pressure liquid combustion
[2-7]; and the more highly developed modified
Redlich-Kwong equation of state due to Soave
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[11, 12]. The use of these equations of state for
polar compounds like HAN, TEAN, and waler ig
tentative, for lack of a viable alternative. Prausnitz
et al. [17] found, however, that polar corrections
of the equation of state are small when reduced
temperatures are greater than 0.95; this condition
was generally satisfied for the most polar com-
pounds during present computations.

Phase equilibrium at the liquid surface requires
that the temperature, pressure, and fugacity of
each species is the same in both phases. Given the
pressure and the gas phase composition along the
transport locus, the corresponding liquid phase
composition and equilibrium temperature can be
computed from the equation of state. This corres-
ponds to a dew-point calculation, using the com-
puter codes found in [11] and [7] for the Soave and
Relich-Kwong equations of state. Liquid surface
conditions are reached when the transport and
phase equilibrium temperatures are the same.

Thermophysical Properties

The equations of state require critical properties
and acentric factors, while computations of flame
properties require enthalpies of formation. The
values of these properties used during the calcula-
tions are summarized in Table 3. The properties of
H,0, CO,, and N; listed in this table are drawn
from standard references [18, 19], and present no
problems.

HAN and TEAN decompose at high tempera-
tures; therefore, their thermophysical properties
must be estimated. The Lyderson method [20, 21)

TABLE 3
Thermophysical Pruperties
Species HAN TEAN H;0 CO, N2
Critical Properties
Temperature (K) 763 1294 647.3 304.2 126.2
Pressure (atm.) 76 36 217.6 72.8 338
Volume (cm?/ gmol) 196 56 94 89.5
Acentric factor 0.68 1.41 0.344 0.225 0.040
Enthalpy of formation -95.3 - - 185.5 -57.8 -94.0 0.0

a1 298.15 K (keal gmol-')
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was used to estimate the critical pressure, the
critical volume, and the ratio of the normal boiling
and critical temperatures. Acentric factors were
computed from their definition, using the Lee and
Kesler generalized vapor-pressure relationship
[22]. The critical temperature was then computed
from the Lee and Kesler expression (22] for the
compressibility factor, applied at the critical point,
as follows

T.=(p.v,/R)/(0.291 - 0.080c) ()

These methods are routinely used for hydrocar-
bons, but they have not been tested for compounds
like HAN and TEAN. Thus, the approach was
evaluated by applying it to a variety of organic and
inorganic compounds whose critical properties
and acentric factors were known: NH;, CO,,
H,0, SO,, NO,, n-hexanol, benzyl alcohol, n,
n-dimethylaniline, n-hexadecane, n-eicosane, and
n-butanol. The average errors were as follows:
critical temperature, —~5%; critical pressure,
—2.5%; critical volume, —9.6%; and the acen-
tric factor, 0.6%. Based on these findings, the
approach appears to be reasonable for present
purposes. |

The enthalpies of formation of HAN and TEAN
listed in Table 3 were found using the Verma and
Doraiswamy group contribution method (23]
Uncertainties in these properties are not very
important, however, because flame properties are
dominated by the enthalpies of formation of H,O,
CO,, and N,, which are well known [18, 19].

[deal-gas enthalphy changes with temperature
were found from standard sources for H,0, CO,,
and N [18, 19]. The group contribution specific
heat correlation of Rihani and Doraiswamy [24]
was used to compute ideal-gas enthalpy changes

for HAN and TEAN. Enthalpy deviations and ¢

were found directly from the equations of state.
Binary interaction parameters k;; are used in the
equations of state. Present values of the ky are
summarized in Table 4. These estimates were
found from (11, 12] for the Soave equation of
state, and from [5, 8] for the Redlich-Kwong
equation of state. Measurements of k; are not
available for binary pairs involving HAN and
TEAN; therefore, the values for the hydrocarbon
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TABLE 4
Binary Imeraction Parameters (k,)°
Substance H,O co, N,
Soave equation of state
HAN 0.381 0.136 0.140
TEAN 0.368 0.138 0.164
H,0 0.000 0.102 0.130
CO, 0.102 0.000 -0.022
Redlich-Kwong equation of state
HAN 0.385 0.285 0.335
TEAN 0.790 0.650 0,745

“ky = 0; k, = k,, other interaction parameters not shown
were taken w0 be zero. The systems were modeled by
homomorphs.

homomorphs of these species were used, as in past
work [2-7].

Transport Properties

Mixture thermal conductivities and effective bi-
nary diffusivities are needed to integrate Eq. 6.
Correlations of mixture thermal conductivities
require the viscosities of all species as well. Ideal-
gas thermal conductivities and viscosities were
taken from Svehla [25] for H,O, COy, and N,,
while the Eucken model [25] and the Reichenberg
method [26] were used to estimate these properties
for HAN and TEAN. [deal gas mixture thermal
conductivities were then found from the Wassil-
jewa equation {27], following Lindsay and Brom-
ley [26]. The effect of compressibility on the
mixture's thermal conductivity was determined by
the Stiel and Thodos method [29], using the
Prausnitz and Gunn rules for mixture pseudocriti-
cal properties [18].

Low-pressure binary diffusivities were found
for all binary pairs in the system using the method
of Fuller, Schertler and Giddings [30, 31] based on
the average of these values at each temperature.
The effect of compressibility on the effective
binary diffusivity was computed following Daw-
son et al. [32], using the Prausnitz and Gunzn
modified rules for mixture pseudocritical proper-
ties (18], as before,
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RESULTS AND DISCUSSION

Critical Combustion Conditions

Resuits for LGP 1845 and LPG 1846 were very
similar, in view of property uncertainties; there-
fore, findings for LGP 1845 will be taken as
representative in the following.

The nature of the solution for liquid surface
properties, in the vicinity of the thermodynamic
critical point, can be seen by reference to Fig, 2.
Transport and phase equilibrium loci are plotted as
functions of the gas phase mole fraction of HAN
and the temperature at various pressures. The
phase equilibrium locus was found using the Soave
equation of state with all £y = 0; however, the
properties of the plots are similar to findings for
the range of k,; considered during the investiga-
tion. Both loci satisfy Eq. 5, which relates the
mole fractions of TEAN, H,0, CO,, and N, to the
mole fraction of HAN in the gas phase. In
addition, the transport locus satisfies the conserva-
tion of energy requirements of Eq. 6, while the

- phase equilibrium locus satisfies the requirements
of thermodynamic equilibrium at the liquid sur-
face. The intersection of these two loci, at a given
pressure, is a solution for the gas phase properties
at the liquid surface, where Eqs. 5 and 6 and the
requirements for phase equilibrium are all satis-
fied.

At the lowest pressure illustrated in Fig. 2, 500
atm, the transport and phase equilibrium loci
intersect, yielding a liquid-surface solution point.
This behavior persists for all pressures below 640
atm. However, the transport locus becomes tan-
gent to the phase equilibrium locus at 640 atm; this
is the highest pressure where a liquid surface is
present for the conditions illustrated in Fig. 2, and
it corresponds to the critical combustion pressure.
Pressures greater than 640 atm are within the
supercritical combustion regime where the trans-
port and phase equilibrium loci no longer inter-
sect, see the results illustrated in Fig. 2 for 650
atm. In this regime, flow properties simply vary
along the transport locus until the initial conditions
in the bulk liquid are reached, and a liquid surface
is never observed.
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Liquid Surface Properties

The properties of the liquid surface for the
subcritical regime, using the same solution param-
eters as Fig. 2 (the Soave equation of state with all
k; = 0), are illustrated in Fig. 3. The surface
temperature and species mole fractions in the gas
and liquid phases are plotted as a function of
pressure up to the critical combustion pressure.
(Gas phase concentrations are relatively indepen-
dent of pressure in Fig. 3; however, liquid phase
concentrations vary substantially due to the pres-
ence of dissolved gases in the liquid at higher
pressures. Other liquid combustion systems be-
have in a similar manner (2-7]. At low pressures,
concentrations of dissolved combustion product
gases (CO, and N,) are quite small, and the more

Q3r T 1 Ul
: SUPERCRITICAL
: 650 ATM,
o2k T ET—— -
' \\
| SWERCATICAL 1\
ATM.
ork 650 ) 1
3 i
x|
& of #
a Q3L -
i
Ti T
< SOLUTION POIN
2 | — i
E O.Zr S i
% CRITICAL N\ O\ TRANSPORT
- | 640 ATM. }Locus (TY@
Q2 al- y 1
3 P
w | “\\ PHASE - EQUILIBRIUM
g of LOCUS (TYP 4
g o :
D ~
: A
| SUBCRITICAL ,
500 ATM. 4
ol / S
i- ”,
rd
0 L 1 L 1
800 900 1000

TEMPERATURE (K)
Fig. 2. Transport- and phase-equilibrium loci for subcritical,
critical, and supercritical conditions; Soave equation of state,
k’/ = 0.




uQUw-MONOPROPELLANT COMBUSTION

of — LIQUID PHASE %
|_gf. ——GAS PHASE it

O CRITICAL COMBUSTION

WMOLE FRACTIONS

B

3

il
2 -
v !
§ .
2
s | i
§ |
u H
a |

L 1 L
400 aaQo
PRESSURE (ATM)
Fig. 3. Properties of the liquid surface as a function of
pressure; Soave equation of state. &, = 0.

800"
Q

volatile propellant components (HAN and H;0)
are depleted in the liquid phase, leaving a high
concentration (a mole fraction near 0.9) of the
relatively nonvolatile TEAN. As the pressure is
increased, however, concentrations of the more
volatile components increase in the liquid, with
water having the highest concentrations in the
liquid for pressures greater than 400 atm. Concen-
trations of the gas and liquid are not the same at the
critical combustion condition, and neither are the
enthalpies; therefore, the critical combustion con-
dition does not correspond to a thermodynamic
critical point in this case. Thus, while the critical
combustion condition often is a thermodynamic
critical point [2-7], such behavior is not always
observed.,

At low pressures, the surface temperatures
plotted in Fig. 3 increase with increasing pressure,
which is typical of the behavior of other monopro-
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pellants that have been studied [2-4]. However,
the surface temperature reaches 2 maximum, and
then declines as the critical combustion pressure is
approached. Similar behavior has been observed
for ethylene oxide [3], The effect is due to the
greater concentrations of more volatile species,
which have relatively low critical temperatures, in
the liquid phase at high pressures. Due to the
refatively low volatility of HAN and TEAN,
however, liquid surface temperatures are unusu-
ally high; e.g., peak temperatures approach 1000
K in Fig. 3, as opposed to 500 K for the nitrate
esters and ethylene oxide {2, 3].

The best estimate of liquid surface properdes
for LGP 1845, using the Soave equation of state
and the standard k;; values, is illustrated in Fig. 4.
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The change in the & causes a substantial increase
- in the predicted critical combustion pressure, from
640 atm for k; = 0, to 2600 atm for the standard
k;. Such strong effects of the k;; on liquid surface
properties were not observed during eartier studies
of liquid monopropellants [1-3]. For the results
illustrated in Fig, 4, the critical combustion
condition coincides with a thermodynamic critical
point; this is indicated by the equality of gas and
liquid compositions at the critical combustion
pressure. Other differences when the standard &
are used included a greater variation of gas phase
compositions and higher concentrations of HAN in
the liquid phase, cf., Figs. 3 and 4. However, the
range of liquid surface temperatures and the
presence of a peak temperature at low pressures
are similar in Figs. 3 and 4.

The Soave equation of state was felt to be the
most reliable, because the k; values for the
Redlich-Kwong equation of state were unusually
high, and solutions with this approach were
numerically very stiff. Nevertheless, results were
obtgined using the Redlich-Kwong equation of
state, because it has been used for monopropel-
lants in the past (2, 3]. Liquid surface properties
computed in this manner for LGP 1845 are
illustrated in Fig. 5 using standard values of the
k. The main difference between the results using
the Soave and Redlich-Kwong equations of state,
cf. Figs. 3 and 4, is that the latter yields a much
higher critical combustion pressure, higher than
the 4000-atm pressure range considered in Fig. 5.
Thus, the results in Fig. § are similar to the low-
pressure region of Fig. 4: the gas phase composi-
tions are relatively independent of pressure; the
liquid phase concentrations of the more volatile
components (CO,, N;, and H,0) increase with
pressure; and the surface temperature increases
with pressure. Predicted liquid surface tempera-
tures become quite high as the pressure is in-
creased, which, if true, raises concerns about
potentially significant effects of reaction near the
liquid surface.

Sensitivity Analysis

The equation of state and the values of the &
clearly have a significant effect on predictions of
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liquid surface conditions and the critical combus-
tion pressure. Sensitivity analysis was undertaken
1o more precisely identify parameters that have a
strong influence on predictions. The baseline for
the sensitivity calculations was the Soave equation
of state with all k; = 0. An exhaustive search
procedure was used, where the effect of each
parameter was evaluated independently.

Table 5 is a summary of the results of the
sensitivity analysis, considering only the most
sensitive parameters. The percent change in the
critical combustion pressure, the critical combus-
tion temperature, the pressure where the surface
temperature is maximum, and the maximum sur-
face temperature are given as a function of the
percent change of the parameters (or the change in
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TABLE §
Sensitivity Analysis (LGP 1845)
Critical Critical Pressure at
combustion combustion maximum Maximum
Cutput pressure temperature temperanre lemperature
variable (atm) (K) (atm) (K)
suandard Value?® 640 840 200 1030
Parameter® Variation Percent change
Thermal +25% - 18 10 0 ~0
conductivity -25% 6 0 ~0
Diffusica +25% 6 2 0 ~0
coefficient -25% -18 10 - 14 ~0
Critical temperature +10% 44 5 0 i1
of TEAN -10% - 34 -4 -25 -18
Acentric factor +20% 13 0 2
of TEAN -20% - 18 2 0 2
ks 0.2% 80 =11 25 0
TEAN-H;O

* Standard property vajues except all k; = 0, Soave equation of staie.

® Results for the most sensitive parameters are listed.
< All other ky = 0. |

value of the k;). The most sensitive parameters
include the mixwre thermal conductivity, the
effective diffusion coefficient, the critical temper-
ature and acentric factor of TEAN, and the binary
interaction parameter between TEAN and water,
For continuous variables, such as the mixture
thermal conductivity or the effective diffusion
coefficient, the parameter variations involved
changing the parameter from the standard value,
by the percentage shown, at every point in the
calculation. Except for the k;, which will be
considered subsequently, the variations are repre-
sentative of anticipated uncertainties {18, 25],
similar to past work [2, 3].

Uncertainties in the critical combustion pressure
due to uncertainties in the thermal conductivity,
the diffusion coefficient, and the acentric factor of
TEAN, are comparable to the uncertainties in the
parameter itself, which is similar to findings for
other monopropellants {2, 3}, The effect of
changes in these parameters on other output

variables, however, is relatively small. On the
other hand, except for the critical combustion
temperature, all output variables exhibit unusually
strong sensitivity to uncertainties in the critical
temperature of TEAN. This effect appears to be
related to the vapor pressure of TEAN, with the
reduced volatilities of TEAN at higher critical
temperatures driving the system toward higher
critical combustion pressures. The importance of
TEAN for critical combustion phenomena, in spite
of its relatively low concentration in the propel-
lant, is probably due to its low volatility, which
causes it to have relatively high concentrations at
the liquid surface, see Fig. 3.

The high concentrations of both TEAN and
water at the liquid surface are also responsible for
the strong sensitivity of the critical combustion
pressure to variations in the value of the binary
interaction parameter between TEAN and water.
Higher values of this binary interaction parameter
tend to increase concentrations of TEAN in the
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liquid at the surface, acting in a2 manner similar to
the critical temperature of TEAN. Comparable
changes of all other k; had a smail effect,
influencing output parameters less than 10%,
similar to past findings concerning effects of
uncertainties in the k; [2, 3]. Thus, the large
increase in critical combustion pressure between
Fig. 3 for all k; = 0, and Fig. 4 for the standard
ki, is largely due to change of the binary
interaction parameter between TEAN and water.

Findings were similar using the Redlich-Kwong
equation of state. Predictions were most sensitive
to the binary interaction parameter between TEAN
and water, and to a lesser degree to the critical
temperature of TEAN,

The direct effect of the binary interaction
parameter between TEAN and water on critical
combustion pressure predictions is illustrated in
Fig. 6. Results are ilustrated for both the Soave
and Redlich-Kwong equations of state. All param-
eters are at their standard values, except for the
TEAN-water binary interaction parameter which
varies as shown. The solution at the standard value
of the interaction parameter is marked for the
Soave equation of state: the standard critical
combustion condition for the Redlich-Kwong
equation of state is outside the pressure range
illustrated in Fig. 6. The critical combustion
pressure is relatively insensitive to the binary
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Fig. 6. Effect of the TEAN-water binary interaction parame-
ter o the predicted critical combustion pressure.
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interaction parameter between TEAN and water at
low values of this parameter, but becomes very
sensitive in the range of the standard values. For
the Soave equation of state, a 25% variation of the
TEAN-water interaction parameter about the
standard value would result in a 50% vanation in
the critical combustion pressure. This sensitivity is
smaller than the sensitivity to the critical tempera-
ture of TEAN shown in Table 5; however,
uncertainties in the binary interaction parameter
between TEAN and water are larger than those for
the critical temperature of TEAN. Thus, this
interaction parameter will have to be known more
accurately for definitive estimates of liquid surface
temperatures and critical combustion pressures of
LGP 1845 and LPG 1846.

Based on these considerations, the best estimate
of the critical combustion pressure for LGP 1845
and LPG 1846 is 2500 atm, with an uncertainty of
50%. This follows from predictions using the
Soave equation of state with an uncertainty of 10%
for the critical temperature of TEAN, which is
reasonable in view of the assessment of estimates
of this property discussed earlier; and uncertain-
ties of all other properties of 25%, which is typical
of past practice [2-7]. A low estimate of the
critical combustion pressure would be 600 atm,
based on the asymptotic of the critical combustion
pressure plot for the Soave equation of state
illustrated in Fig. 6. The low estimate is in the
region where McBratney (9, 10] observed the
onset of unsteady combustion waves, which often
been associated with nearcritical phenomena;
however, the use of jelled propellants during these
tests, and the absence of direct evidence concern-
ing the onset of supercritical combustion, raises
questions concerning the interpretation of these
findings. The Redlich-Kwong equation of state
yields critical combustion pressures greater than
4000 atm; however, estimated binary interaction
parameters for this approach are unusually high.
Therefore, this finding is felt to be less reliable
than results using the Soave equation of state.

In spite of the uncertainties, it seems clear that
the critical combustion pressures of the HAN-
based monopropellants LGP 1845 and LPG 1846
are unusually high, roughly an order of magnitude
higher than other liquid monopropellant and bipro-
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pellant combustion processes that have been stud-
jed [2-7). Present uncertainties in estimates of
liquid surface properties and critical combustion
pressures could be reduced if liquid surface
temperatures were measured; however, this is a
very challenging experimental problem due to the
unusually high burning rates of these monopropel-
lants.

CONCLUSIONS

The main conclusions of the present investigation
are as follows:

1. Present findings suggest unusuaily high critical
combustion pressures for typical HAN-based
monopropellants (LGP 1845 and LPG 1846),
on the order of 2500 atm with an uncertainty of
50%. This suggests that subcritical combustion
and spray processes are relevant to the combus-
tion of these monopropellants for most applica-
tions.

2. Estimates of the liquid surface properties of the
present HAN-based monopropellants are un-

-usually sensitive to the binary interaction pa-
rameter between TEAN and water, and to a
lesser degree, to the critical temperature of
TEAN.

3. Depending on the thermophysical and transport
properties of the system, conditions at the
liquid surface at the highest pressure where a
liquid surface is observed (the critical combus-
tion condition) may or may not correspond to a
thermodynamic critical point.

4. The present HAN-based monopropellants ex-
hibited relatively high liquid surface tempera-
tures, 800-1000 K, in the pressure range of
interest (pressures greater than 100 atm). This
reduces polar liquid effects, which complicate
the thermodynamics at lower temperatures, but
increases the potential for significant liquid
phase reaction near the surface, although the
short residence times found under these condi-
tions (ca. 100 ns) mitigate the potential reaction
effects to some degree).

It should be noted that McBratney {9, 0] has
observed unstable combustion, which is cften
associated with critical combustion conditions (2,
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31, at pressures of 600-1000 atm; therefore,
present estimates may be high. New measure-
ments are needed to reduce the uncertainties of
present findings and to definitively establish the
range of pressures where spray phenomena must
be considered for these monopropellants.
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Abstract—A simplified analysis of monopropellant spray combustion was developed. based on the
lucally-homogeneous-flow spproximalion of multiphase Nlow theory and the thin-Name approximation
of turbulent premixed flame theory. The performance oi the analysis was evaluated using shadowgraphs
of spray flames for a hydroxyl ammonium nitrate 1HAN-based liquid monvpropellant at ambient
pressures of -3 MPa. Predictions showed that these spray (lames are very sensitive 10 the degree of
flow development at the injector exit, with fullv-developed turbulent flows requiring significanily
smaller combustion volumes than sfug tlows having low initial turbulence levels. There was encouraging
agreement between predictions and measurements; however. uncertainties concerning injector exit
conditions for the expeniments precluded definitive assessment of the analysis

INTRODUCTION

Combusting monopropellant sprays have applications for throttlable thrustors,
underwater propulsion systems., and regenerative liquid-propellant guns.
Monopropellant spray flames are also an important fundamental problem of
combustion science, as the premixed counterpart of the spray diffusion flame.
Motivated by these considerations, the structure of combusting monopropellant
sprays was examined during the present investigation. The main objective was to
develop a simplified analysis of the process, and to evaluate predictions by
comparison with measurements.

Theories of combusting monopropellant sprays are not highly developed;
therefore. the present analysis was simplified. Multiphase effects were treated
using the locally-homogeneous-flow (LHF) approximation of multiphase flow
theory. The LHF approximation implies that relative velocities between the phases
are negligible (negligible slip), yielding a single-fluid formulation which is
independent of the specifics of spray breakup and initial drop-size distributions.
The LHF approach generally provides useful qualitative information concerning
spray structure (Faeth, 1983, 1987, Mao er al, 1980, 1981; Shearer ef al, 1979).
Additionally, Wu et al (1983, 1984) report encouraging quantitative performance
of LHF analysis for pressure-atomized injection at elevated pressures—conditions
which are most often encountered for combusting monopropellant sprays. Finally,
recent work in this laboratory (Ruff et al, 1988), suggests that LHF analysis is
effective for near-injector conditions in the atomization breakup regime, based on
predictions and measurements of the properties of pressure-atomized water sprays
in still air at normal temperature and pressure.

Address correspondence to. G. M. Faeth, 2l7-Aerospace Engine¢ring Building, The University of
Michigan. Ann Arbor. ML 38109-2140, Telephone:1313) 764-7202.
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A second major assumption of the analysis invoived use of the laminar flamelet
concept of premixed turbulent single-phase combustion, proposed by Bray (1978,
1980). Liquid monopropellants generally have relatively high burning rates at
elevated pressure (McBratney, 1980, 1981), which implies relatively thin reaction
zones; therefore. the limit of an infinitely-thin flame was used to provide a simple
formulation with minimal empiricism (Bray, 1978, 1980).

The performance of the analysis was evaluated using measurements of pressure
atomized sprays from a round injector passage, obtained with an apparatus
developed by Birk and Reeves (1987). The measurements consisted of
shadowgraphs of spray flames produced by a hydroxl-ammonium-nitrate (HAN)-
based liquid monopropellant at ambient pressures of 6-8 MPa. The data was
reducedto yield mean and fluctuating liquid volume. fractions as a function of
position, for comparison with predictions.

Experimental and theoretical methods are described in the next two sections of
the paper. Predictions of spray structure are then compared with measurements,
The paper concludes with discussion of additional theoretical findings for
conditions where test results are not available.

INJECTOR

PASSAGE:

1 OR2MM 2.4
DIAMETER :

N o
PROPELLANT —\ E%-l 8.4 I" )
. \.. 12.7 -

p— N - 0.

O-RING E 3 f
(TYP)
~N 12.7
D Qg i

HYDRALLIC 1
FLUID

DIMENSIONS

ARE IN MM

FIGURE | Injector assembly.
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EXPERIMENTAL METHODS

Experimental methods will be only briefly described. more details are provided by
Birk and Reeves (1987). The experiments were carried out within a windowed
cylindrical test chamber having an inside diameter of 57 mm and an interior length
of 406 mm, yielding a volume of roughly 1050 ¢c. The axis of the chamber was
vertical, with the pressure-atomized spray injected vertically upward along the axis.
The propellant was injected into a hot precombusted gas mixture, in order to
simulate injection into an adiabatic combustion environment.

The arrangement of the injector assembly is illustrated in Figure 1. The
propellant was pressurized and fed through the injector passage using a
hydraulically driven piston arrangement. with the hydraulic system ultimately
actuated by a pneumatic systemn (Birk and Reeves, 1987). The injector passages
were round {1 and 2 mm diameter), and were 2.4 mm long, yielding passage
length-to-diameter ratios of 1.2 and 2.4. Due 10 steps in the propeilant feed system
and effects of the vena-contracta at the passage inlet, however, it is likely that the
effective iength-to-diameter ratios, as a measure of flow development at the
passage exit, are not very wel] defined and are probably somewhat larger: they are
taken to be in the range 2-10 in the foilowing. The outputs of pressure
transducers (Kistler 601B) were recorded to provide the test chamber pressure
and the pressure differential across the injector passage.

The experiments were limited to the HAN-based monopropellant, LGP 1846,
see Table I for propellant properties. The hot gas within the chamber, used to
simulate an adiabatic combustion environment, was produced by spark igniting a-_
combustible gas mixture, initially at 1 MPa, having the following composition (by
volume): hydrogen, 20 percent; oxygen, 10 percent; and argon. 70 percent, Argon
served as a diluent to prevent detonation of the gas mixture. Due to the relatively
large surface-to-volume ratio of the test chamber, heat losses from the burning gas
mixture were significant, yielding gas temperatures and pressures of roughly
1800 K and 5.5 MPa after combustion. The temperature ievel was roughly 10
percent below estimated adiabatic flame temperatures for the propeliant (see Table
I}, providing a resonabie approximation adiabatic combustion conditions. The

TABLE [
Properties of LGP 1846°

Pressyre :MPa) 1 10 100
Reaciant Properties
Densily ikg:m" 1430 1432 1454
Product Properties
Density (kg/m' 1.36 13.3 1347
Temperature {K) 2027 2039 20453
Mass Fractions (%}

Water Vapar 538 339 340

Carbon Dioxide 243 246 24.7

Nitrogen 210 21.0 211

‘Adiabatic consiamt pressure combustion with the reaciant at 298,15 K. Reaclant composition (% by
mass» hydroxyl-ammonium nitrate (HAN} 60.8; triethanol-ammonium nitrate (TEAN). 19.2; and
water, 20.0.

"Major species only. Minor species include CO, H,, NO.OH and O..
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chamber pressure increased as the propellant burned: present measurements were
obtained at chamber pressures of 6-8 MPa. The density of the burned gas mixture
is greater than the density of the adiabatic combustion products of the propellant,
due to the lower temperature and the presence of argon; therefore, the ambient
density of the experiments at 6-8 MPa, approximates ambient densities for
adiabatic propellant combustion at pressures of 10-13 MPa.

The combusting spray was observed using motion picture shadowgraphs. A
Photec camera was used, with Kodak VNF 7240 film. Typical film speeds were
5000 frames per second. Backlighting was provided by flash sources synchronized
with the camera. Maximum flash durations were less than 2 us: therefore, the
image of the spray was effectively stopped on the films.

A typical spray shadowgraph is illustrated in Figure 2, The spray or liquid-
containing region appears as the dark irregular zone near the center of the
photograph. The boundaries of the spray are reasonably well-defined. The
shadowgraphs were unusually clear in comparison to combusting hydrocarbon
sprays at comparable pressures (Mao er al, 1981). Factors responsible for this
behavior include the absence of particulates, like soot, in the monopropellant
combustion products; and the relatively uniform temperature of the combustion
products, which minimizes sharp density gradients that cause irregular
shadowgraph patterns. The dark zones are wispy, suggesting that the liquid
behaves somewhat like tracer particles in the outer region of the liquid-containing
region that can be seen on the photographs. This appearance tends to support use
of the LHF approximation as a point of departure for analysis.

FIGURE 2  Photograph of combusting monopropellani spray (1 mm diameter injector, 6-8 MPa).

The motion picture films were analyzed to yield time-averaged mean and
fluctuating liquid volume fractions. Maintaining the thin-flame concept, each
picture frame was analyzed, assigning dark zones to unburned liquid reactant and
light zones to gaseous combustion products. For each test, 15-25 frames were
available for analysis during the steady flow portion of the spray combustion
process. Separating dark and light zones on the film was somewhat subjective; and
since the measurements correspond to line-of-sight projections, they are biased
downstream and radially outward from correct point measurements of mean and
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fluctuating liquid volume fractions. These effects were not quantified. but are not
felt to be large in comparison to other experimental uncertainties, as will be seen
subsequently.

Measurements to be considered were obtained from three tests, denoted tests 2,
4 and 7 in the following. A 1.0 mm diameter injector was used during test 2, while
a 2.0 mm diameter injector was used during tests 4 and 7. In the portions of the
films that were analyzed, liquid velocities were in the range 45-55 m/s for both
injectors. Based on liquid properties summarized by Birk and Reeves (1987), this
yields injector Reynolds numbers in the range 1-2 %X 10* and Ohnesorge numbers
of 0.023 (test 2) and 0.016 (tests 4 and 7). The Reynolds numbers are sufficiently
high to insure reasonably turbulent flow, while the Reynolds number/Ohnesorge
number combinations suggest that operation for all tests was well within the
atomization breakup regime (Miesse, 1955; Ranz, 1958; Ruff eral, 1988).

THEORETICAL METHODS

The analysis involves the LHF and thin-flame approximations, with turbulent
mixing treated using a Favre-average turbulence model along the lines of Bray
(1978, 1980) and Bilger (1976). This approach provides a useful limit and is
consistent in the sense that both multiphase and chemical reaction phenomena are
assumed to be controlled by turbulent mixing, vastly reducing the empiricism and
amount of input' data, e.g. initial drop size and velocity distributions, chemical
kinetic properties,. etc.,, needed to define the problem (Bray, 1978, 1980; Faeth,
1983, 1987). As noted earlier, the LHF approach has proven to be effective for
providing at least qualitative information on the structure of pressure-atomized
sprays at high pressures (Faeth, 1983, 1987; Mao et al, 1980, 1981; Shearer et al.,
1979; and Wu er al, 1983, 1984); while more recent work (Ruff ef al, 1988)
Sugﬁ?m that LHF analysis, similar to the approach used here, has potential for
useful quantitative predictions for the near-injector region of turbulent pressure-
atomized sprays in the atomization breakup regime—conditions which are met for
present tests. Furthermore, the approach does not seem unreasonable-in view of
the wispy, gas-like, appearance of the spray-contai<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>